INTRODUCTION
Pituitary adenomas constitute the most common intracranial tumors after gliomas and meningiomas, accounting for approximately 22 .5% of cases. 1 Most pituitary adenomas are benign and are rarely malignant, with only 0.1%-0.2% of cases progressing to pituitary carcinoma. 2 Conversely, the associated dysregulation of hormone secretion and occupation of intracranial space may cause serious morbidity, which is often compounded by typically late diagnosis and lack of effective treatments for recurrent cases. The etiology of pituitary adenoma remains unclear, although surveys in recent decades have identified possible diagnostic and therapeutic biomarkers. However, these surveys were limited by small sample size, lack of normal human pituitary tissues as controls, and the absence of rigorous highthroughput studies. Hence, elucidation of the molecular pathogenesis of pituitary adenomas and identification of reliable diagnostic and therapeutic biomarkers remain critical.
Pituitary adenomas are classified based on residual hormone secretion. In China, 3 42.70% of cases show no hormone secretion, whereas 24.50%, 10.20%, 9.00%, and 2.10% show prolactin, growth hormone, follicle-stimulating hormone, and adrenocorticotrophic hormone secretion, respectively. All other cases are characterized by the secretion of multiple hormones, including luteinizing hormone and thyroid-stimulating hormone. The molecular mechanisms underlying different types of adenomas may vary; therefore, for example, the GH4C1 rat pituitary cell line is suggested as a model of growth hormone-secreting adenomas. Furthermore, depending on whether the tumor diameter is more or less than 10 mm, 45.5% and 54.5% of cases are classified as macro-and microadenomas, respectively, 3 of which the latter are more likely to be aggressive.
Although genes such as vascular endothelial growth factor precursor 4 and cyclin D 5 have been demonstrated both in vitro and in vivo to regulate proliferation, invasion, and apoptosis in pituitary adenomas and GH4C1 cells, several other genes may also be involved. In general, the development of many cancers is driven by specific genes. For example, MYC is a well-established oncogene that promotes cell growth, proliferation, and malignant transformation. 6 BCL-2 and BAX 7, 8 are also associated with cancer development. Similarly, high-mobility group box 1 protein (HMGB1) and interleukin (IL)-16 have been shown to play dual roles in cancer development. 9, 10 SOX7, a member of the F group of SOX proteins that contains a high-mobility group DNA-binding domain, was also recently demonstrated to inhibit tumorigenesis.
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MicroRNAs are short noncoding RNAs of 18-25 nt that bind to the 3 0 UTR of target mRNAs to suppress translation or promote posttranscriptional mRNA cleavage, depending on the degree of sequence complementarity. 12 Conversely, microRNAs may activate translation by binding to the 5 0 UTR of the target gene or to the protein itself. 12 Finally, microRNAs may also directly bind or modulate methylation at the promoter of target genes. 13 In the past decade, an increasing number of microRNAs have been demonstrated to regulate the development and progression of pituitary adenomas, including let-7, miR-15a, miR-16-1, miR-26b, miR-122, miR-128, and miR-493.
14-17 miR-34a is a well-established tumor suppressor that is widely implicated in many tumors and inhibits cancer cell proliferation, invasion, and metastasis by targeting platelet-derived growth factor receptor beta, mesenchymal-epithelial transition (MET) proto-oncogene, and transforming growth factor beta receptor 2. 18, 19 However, its role in pituitary adenomas remains unknown. The aim of the present study was, therefore, to investigate the role of this microRNA (miRNA) in pituitary adenomas, using GH4C1 cells as a model system. Moreover, the relationship between miR-34a and Sox7, Bcl2, Bax, Myc, Hmgb1, and Il16 was additionally investigated, as this is yet undefined in pituitary adenomas.
RESULTS
miR-34a Is Downregulated in Pituitary Adenoma Cells miR-34a expression was more than 3-to 4-fold lower in GH4C1 cells than in normal rat pituitary tissue (p < 0.05; Figure 1A ). To determine the specific functions of miR-34a in pituitary adenomas, we transfected GH4C1 cells with a miR-34a mimic to obtain a cell line with 5-fold higher miR-34a levels than cells transfected with the negative control (p < 0.05; Figure 1B ).
miR-34a Overexpression Inhibits Proliferation
To determine whether miR-34a exerted anti-proliferative effects, cell proliferation was measured after 1-6 days in mimic-, negative control oligonucleotide-transfected, and GH4C1 cells. Microscopy showed that high miR-34a levels significantly suppressed cell proliferation (Figures 2A and 2D ). Moreover, a colony-formation assay revealed that clonogenic survival was obviously decreased following increase in miR-34a levels (Figures 2B and 2C ; p < 0.05).
miR-34a Overexpression Induces Apoptosis
Apoptosis was measured by flow cytometry in cells transfected with the miR-34a mimic or the negative or blank GH4C1 cell controls. In the resulting plots ( Figures 2E and 2F ), cells clustered in the lower right quadrant are in early apoptosis. In contrast, late apoptotic and necrotic cells are located in the upper right quadrant, and cells in the last stage of apoptosis cluster are located in the upper left quadrant. The proportions of cells in early, late, and final stages of apoptosis were 1.7%, 1.1%, and 1.9%, respectively, in GH4C1 cells transfected with the negative control; the percentages were 0.7%, 1.5%, and 2.3%, respectively, in blank control cells and 17.1%, 3.1%, Figure 1 . miR-34a Different Expression miR-34a expression in GH4C1 cells before and after transfection. (A) miR-34a expression was measured by qRT-PCR in GH4C1 cells and normal rat pituitary tissues, using U6 as an internal control. (B) miR-34a expression was also assessed by qRT-PCR after transfection with miR-34a mimic oligos. *p < 0.05; **p < 0.01. Figure 2 . Effect of miR-34a on Cell Proliferation and Apoptosis Effects of miR-34a on proliferation and apoptosis in GH4C1 cells. (A) Proliferation was assessed using the Cell Counting Kit-8 at 1-6 days after transfection with the miR-34a mimic, negative control, and blank GH4C1 cell controls. (B) Colony-formation assay after transfection with the miR-34a mimic, negative control, or blank GH4C1 cell controls. (C) Statistical analysis of results of the colony-formation assay after transfection with the miR-34a mimic, negative control, or blank GH4C1 cell controls. (D) Effects of miR-34a on proliferation 5 days after transfection. Original magnification: 40Â. (E and F) In (E), apoptosis was assessed by annexin V-FITC and propidium iodide staining and flow cytometry after transfection with the miR-34a mimic, negative control, and blank GH4C1 cell controls. (F) Statistical analysis of the apoptosis index after transfection with the miR-34a mimic or negative control. Con, blank control group; E, early; L, late. *p < 0.05; **p < 0.01. www.moleculartherapy.org Molecular Therapy: Oncolytics Vol. 10 September 2018and 2.0%, respectively, in blank control cells transfected with miR-34a ( Figure 2E ). The proportion of cells in early apoptosis and in late apoptosis in the miR-34a mimic group was significantly higher than that in the negative control group and in the blank control (Figure 2F ; p < 0.05). These results indicate that miR-34a elicits apoptosis in GH4C1 cells.
miR-34a Target Genes and Functional Enrichment
miR-34a target genes in GH4C1 cells were predicted with high stringency based on four miRNA databases and two sets of gene array data. Briefly, 3,409 candidate target genes were collected from the miRanda, TargetScan, miRDB, and DIANA databases (the targets from the four databases are summarized in Table S1 ) and filtered in Excel to identify genes repeated at least twice in different databases. For 413 genes, candidates that appeared twice in the same database were also retained, of which, 332 were present in at least two databases ( Figure 3A ; summarized in Table S2 ). In contrast, the gene arrays GEO: GSE2175 and GSE4237 in gnen cloud of biotechnology information (GCBI) indicated that 4,656 mRNAs were significantly dysregulated by at least 2-fold (p < 0.05) in pituitary adenomas (summarized in Table S3 ). A Venn diagram ( Figure 3B ) for dysregulated mRNAs from the array data and target genes in miRNA databases identified 108 candidates for further analysis (summarized in Table S4 ).
Enrichment analyses with ONTO-TOOLS and GOEAST GO indicated that 54 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and 446 GO processes were enriched in the 108 candidates. Most of the top 15 KEGG pathways are implicated in cancer development (summarized in Table S5 ). In contrast, transcriptional regulation was significantly enriched in the top five enriched GO terms "molecular function," "biological process," and "cellular component" (summarized in Table S5 ). Based on protein-protein interactions ( Figure 3C ) and sequence complementarity measured in RNA 22 ( Figure 3D ), Myc, Bcl2, Sp100, Sox7, Hmgb1, Mtor, Map3k9, Foxp4, Il16, and Bax were selected for further analysis by qRT-PCR. MYC, BAX, BCL-2, HMGB1, SOX7, and IL-16 were also selected for validation by western blot.
Validation of miR-34a Target Genes
Western blotting demonstrated that GH4C1 cell transfection with the miR-34a mimic significantly suppressed MYC, BCL-2, HMGB1, and SOX7 expression, even as BAX and IL-16 accumulated ( Figure 4A ). Furthermore, experimental validation of the miR-34a targets, BCL-2, MYC, and SOX7, using a luciferase reporter system was performed ( Figure 4B ), Luciferase reporter assays showed that miR-34a reduced the luciferase activity of the Sox7 3 0 UTR but not that of Bcl2 and Myc. However, mutated Sox7 alleviated the inhibitory effect of miR-34a on the luciferase activity ( Figures 4C and  4D ). These results suggested that miR-34a directly regulates Sox7 mRNA expression.
SOX7 Downregulation Suppresses Proliferation and Induces Apoptosis
To determine whether the regulation of SOX7 expression by miR-34a plays an important role in cell proliferation and apoptosis, three SOX7 small interfering RNAs (siRNAs) were constructed. Small interfering (Si)-SOX7 #2 and #3 sequence significantly inhibited SOX7 expression at the mRNA and protein levels in GH4C1 cells, as determined by qRT-PCR and western blotting, using beta-actin and GAPDH as controls ( Figures 5A and 5B) . Furthermore, we found that SOX7 knockdown restrained cell proliferation, as assessed using Cell Counting Kit-8 (CCK-8) at 1-5 days and microscopic observation at 4 days after SOX7 knockdown ( Figures 5C and 5D ). Knockdown of SOX7 yielded much higher apoptosis rates than that observed in the control group. The proportions of cells in the early, late, and final stages of apoptosis were 1.2%, 0.9%, and 2.3%, respectively, in GH4C1 cells transfected with the negative control; however, the percentages were 16.4%, 6.6%, and 4.5%, respectively, in siRNA-SOX7 #2 cells; and 23.5%, 7.3%, and 2.2%, respectively, in siRNA-SOX7 #3 cells ( Figure 5E ). The proportion of cells in early and late apoptosis in siRNA-SOX7 #2 and in siRNA-SOX7 #3 was significantly higher than that in the negative control group ( Figure 5F ; p < 0.05). These results indicated that SOX7 inhibits apoptosis in GH4C1 cells.
DISCUSSION
miR-34a suppresses many forms of cancer, and several studies have shown that it is downregulated in cancers such as glioma, 20 breast cancer, 21 and bladder carcinoma. 22 In particular, miR-34a elicits a range of biological effects by directly or indirectly regulating the expression of genes crucial for differentiation (sirtuin 1; SIRT1), 23 proliferation and apoptosis (TGFBR2), 19 cell-cycle progression (CD44), 22 invasion and metastasis (tumor protein D52), 21 protein phosphorylation (VEGF), 24 angiogenesis (CD44), 25 epithelial-mesenchymal transition (sterile alpha motif domain-containing 3), 26 autophagy (HMGB1), 27 and chemosensitivity (AXL receptor tyrosine kinase). 28 Notably, this miRNA is encoded in chromosome 1p36, which is strongly regulated by p53. 29 Yamakuchi et al. 30 described a positive-feedback loop, in which p53 induces miR-34a, which, in turn, suppresses SIRT1 to stimulate p53 activity. However, whether the p53-miR-34a positive-feedback loop actually exists in pituitary adenomas requires further investigation.
Herein, we report that Sox7, Myc, Bcl2, Bax, Hmgb1, and Il16 were predicted to contain potential miR-34a binding sites. In addition to the Myc oncogene, 6 the HMGB1 transcription factor, and the pleiotropic immune response factor IL-16, 9,10 dysregulation of antiapoptotic proteins such as BCL-2 and pro-apoptotic proteins such as Bax 7 is also associated with cancer development. Paradoxically, both BCL-2 and BAX are simultaneously expressed in some cancers. 8 In turn, SOX7 inhibits tumorigenesis. 11 We subjectively chose three of the target genes for luciferase reporter validation experiments, which demonstrated miR-34a directly binding on the Sox7 3 0 UTR. Our findings demonstrate, for the first time, that miR-34a suppresses pituitary adenomas by directly downregulating Sox7. We observed that, similar to pituitary adenomas, miR-34a is less abundantly expressed in GH4C1 cells than in normal rat pituitary tissue and that miR-34a overexpression inhibits cell proliferation. miR-34a also stimulates apoptosis, which corroborates previous observations in nonsmall-cell lung cancer.
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SOX7 constitutes a key molecule associated with tumorigenesis, 11 although the underlying mechanisms are unclear. For example, SOX7 was demonstrated to suppress lung 31 and breast cancer. 32 Recently, Cuvertino et al. 33 showed that, in contrast to the conventional view, SOX7 is an oncogene that promotes the proliferation of acute lymphoblastic cells. Katoh 34 reported that SOX7 expression was upregulated in pancreatic cancer cell lines and in some gastric and esophageal cancer cell lines. In addition, a study demonstrated that overexpression of Sox7 induced embryonal carcinoma cell differentiation by regulating Gata-4 and Gata-6 expression.
35 SOX7 promotes glioma cell growth by increasing vascular endothelial growth factor receptor 2 (VEGFR2)-mediated vascular abnormality, with high SOX7 expression levels correlating with poor survival, early recurrence, and impaired vascular function. 36 However, Yang et al. 37 reported that SOX7 overexpression induces IL-33 expression to promote metastasis of tumor-associated macrophages. These results suggest that SOX7 does not necessarily play the same role in all cancers. Indeed, the role of SOX7 in pituitary adenomas is unknown, although we found that miR-34a overexpression directly suppressed SOX7 expression at both the mRNA and protein levels, which, in turn, restrained GH4C1 cell proliferation and induced apoptosis. In summary, we report that miR-34a was suppressed in GH4C1 cells. Moreover, we demonstrated that miR-34a inhibits proliferation and induces apoptosis in GH4C1 cells by directly regulating SOX7 levels. SOX7 plays an oncogene role in pituitary adenomas. Nonetheless, collectively, the data suggest that miR-34a plays a crucial www.moleculartherapy.org role in the development of pituitary adenomas and that targeting of miR-34a activity may provide new opportunities for treatment.
MATERIALS AND METHODS

Tissue Collection and Cell Culture
Owing to the lack of normal human pituitary tissue for use as negative control, the pituitary glands were collected from 10-week-old healthy female Rattus norvegicus after euthanization with 5% chloral hydrate on ice and washed in PBS (pH 7.2). Procedures involving animals and their care were conducted in conformity with NIH guidelines (NIH Pub. No. 85-23, revised 1996) and were approved by the Animal Care and Use Committee of the Medical School of Nantong University.
The rat pituitary adenoma cell line GH4C1 was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in Ham's F10 medium (12390-035, GIBCO, Life Technologies, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (10099-141, GIBCO, Life Technologies) at 37 C in an incubator with 5% CO 2 and 95% air.
RNA Isolation and Real-Time qRT-PCR
Total RNA was extracted from tissues and cells using TRIzol (15596026, Life Technologies), following the manufacturer's instructions. miR-34a was reverse-transcribed and quantified with stemloop primers, using U6 as an internal control. Target gene expression was quantified using qRT-PCR on a CFX96 real-time system (785BR10081, Bio-Rad, Hercules, CA, USA) using the SYBR Green PCR master mix (RR820A, TaKaRa, Shiga, Japan) and normalized to Gapdh expression. Fold change was calculated according to the 2 ÀDDCt method. qRT-PCR primers are listed in Table 1 , and miR34a mimic and negative control oligos are shown in Table 2 .
were plated in a 6-well dish and allowed to adhere overnight. Cells were transfected with a 5-or 10-nM equimolar mix of miR-34a mimic (GenePharma, Shanghai, China) or negative control oligos (GenePharma) (2 oligos per category) using Lipofectamine 2000 (Invitrogen) and opti-modified Eagle medium (MEM) (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. Transfection efficiency was assessed by fluorescence microscopy and confirmed by qRT-PCR 48 hr after transfection. The same methods were used to knock down SOX7. Cells (2.0 Â 10 5 ) were plated into a 6-well dish and allowed to adhere overnight. Cells were then transfected with 3 siRNAs designed against SOX7 combined in an equimolar ratio (20 or 40 nM; SOX7-Rat-1, SOX7-Rat-2, and SOX7-Rat-3, Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA) or a negative control siRNA (InvitrogenThermo Fisher Scientific). Transfection efficiency was monitored via fluorescence microscopy and confirmed using qRT-PCR 48 hr after transfection. siRNA transfections were performed in GH4C1 cell lines and utilized in proliferation and apoptosis assays. siRNA-SOX7 and negative control sequence are listed in Table 3 .
Western Blot
Western blotting was used to assess MYC, BAX, BCL-2, HMGB1, SOX7, and IL-16 levels in GH4C1 cells 48 hr after transfection with miRNA oligos. Briefly, equal amounts of protein (40 mg) were separated by 12% SDS-PAGE, transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA), and then blocked in 5% milk in Tris-buffered saline (TBS)-Tween 20 (0.5%). Proteins were then probed with rabbit antibodies against human MYC, BCL2, SOX7, HMGB1, BAX, AND IL-16 (Cell Signaling Technology, Danvers, MA, USA) and corresponding peroxidase-conjugated secondary antibodies (Cell Signaling Technology) and visualized using Cell Proliferation and Colony-Formation Assay GH4C1 cells were seeded in 96-well microplates at 5,000 cells per well and allowed to adhere and grow for 2, 4, 6, 8, and 10 days after transfection. Proliferation was measured at each time point using the CCK-8 (Dojindo, Kumamoto, Japan), following the manufacturer's instructions. Each assay was repeated six times, and the results were averaged. To assess colony formation, cells were seeded in 6-well plates at 2,000 cells per well and transfected with the miR-34a mimic and the negative control. After 1 week, the colonies were fixed with 4% paraformaldehyde and stained with crystal violet (Sigma, St. Louis, MO, USA). Data were collected from three replicates.
Cell Apoptosis
Apoptosis was measured by annexin V-FITC (fluorescein isothiocyanate) and propidium iodide staining (BD PharMingen, San Jose, CA, USA), according to the manufacturer's instructions. Briefly, GH4C1 cells were collected 48 hr after transfection and resuspended in 100 mL of 1Â binding buffer supplemented with 5 mL annexin V-FITC, followed by incubation at room temperature for 15 min in the dark and mixing with 5 mL propidium iodide 5 min before analysis. Samples were then diluted with 400 mL binding buffer and analyzed by flow cytometry (BD LSRFortessa, Bedford, MA, USA).
miRNA Target Prediction
Putative miR-34a targets were identified using miRanda, TargetScan (http://www.targetscan.org/vert_71/), miRDB (http://mirdb.org/miRDB/ index.html), and DIANA (http://diana.imis.athena-innovation.gr/ DianaTools/index.php?r=microT_CDS/index). RNA22 v2.0 (https:// cm.jefferson.edu/rna22/) was then used to test sequence complementarity between miR34a and candidate target genes. Consensus targets were defined as genes appearing at least twice in different databases, with p < 0.1 for sequence complementarity against miR-34a.
GCBI (https://www.gcbi.com.cn/gclib/html/index) was also mined for genes significantly dysregulated in human pituitary adenomas, using "neoplasm, pituitary," "neoplasms, pituitary," "pituitary neoplasm," "pituitary tumors," "pituitary tumor," "tumor, pituitary," "tumors, pituitary," "pituitary adenoma," "adenoma, pituitary," "adenomas, pituitary," or "pituitary adenomas" as simple search terms. Array data were analyzed to compare mRNA expression between pituitary adenomas and normal pituitary tissue, between invasive and non-invasive pituitary adenomas, and between recurrent and nonrecurrent pituitary adenomas. Array data from gene mutants, stem cells, and transgenic systems were excluded. Finally, the array datasets GEO: GSE2175 and GSE4237 were selected for further analysis.
Enrichment Analysis
Enrichment for KEGG pathways and Gene Ontology (GO) terms was assessed using ONTO-TOOLS and GOEAST (http://omicslab. genetics.ac.cn/GOEAST/php/batch_genes.php), respectively. Protein-protein interactions among miR-34a target genes were reconstructed in String (https://string-db.org/cgi/input.pl). Targets were selected for validation by qRT-PCR and western blot.
Dual-Luciferase Reporter Assay
For dual-luciferase assays, the Sox7 3 0 UTR containing predicted mir-34a seed-matching sites (wild-type; WT) and corresponding mutant sites (mut) were amplified by PCR from cDNA of GH4C1 and inserted into the pMIR-REPORTER vector (Ambion; Austin, TX, USA). WT and mutant constructs were confirmed by sequencing. GH4C1 cells were seeded in a 24-well plate and cotransfected with either WT or mutant luciferase reporter plasmids containing the Sox7-3 0 UTR, pGL4.74 vector (Ambion), and equal amounts of mir-34a and miR-NC (GenePharma, Shanghai, China), using Lipofectamine 2000 according to the manufacturer's instructions. Luciferase activities were measured 24 hr after transfection using a dual luciferase assay kit (Promega, Madison, WI, USA). Experiments were performed in triplicate with three independent replicates.
Statistical Analysis
All experiments were replicated three times. Results are reported as the means ± SEM and were compared using the Student's t test in GraphPad PRISM software 5.0 (La Jolla, CA, USA). Differences were considered statistically significant at p < 0.05.
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